Hybrid inorganic-organic perovskites have recently attracted much interest because of both rich fundamental sciences and potential applications such as the primary energy-harvesting material in solar cells. However, an understanding of electronic and optical properties, particularly the complex dielectric function, of these materials is still lacking. Here, we report on the electronic and optical properties of selective perovskites using temperature-dependent spectroscopic ellipsometry, x-ray absorption spectroscopy supported by first-principles calculations. Surprisingly, the perovskite FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 has a very high density of low-energy excitons that increases with increasing temperature even at room temperature, which is not seen in any other material. This is found to be due to the strong, unscreened electron-electron and partially screened electron-hole interactions, which then tightly connect low-and high-energy bands caused by doping.
I. INTRODUCTION
In recent years, perovskites have been identified as good candidate materials for inexpensive, high-efficiency photovoltaic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Efficiencies of up to 22% have already been reported for such devices, while a theoretical limit of 31% has been postulated [1, 12] . The most common type of perovskite for these devices is the hybrid inorganicorganic methyl-ammonium lead halide (MAPbX 3 ), which has the chemical structure CH 3 NH 3 PbX 3 , where X ¼ I, Br, or Cl, the most studied of which is MAPbI 3 [5, 6] . It has been shown through time-resolved terahertz spectroscopy that, at low temperatures, the free-carrier density and mobility of MAPbI 3 make it a good candidate for a charge-separation layer in photovoltaic cells [13] . MAPbI 3 was found to be unstable at temperatures above 55°C, partly because of a structural phase transition from the room-temperature tetragonal to the high-temperature cubic phase [10, 11] , and it is also very susceptible to damage by air and light, forming the yellow PbI 2 [2, 3, 14] .
Other perovskites have therefore been developed for efficient solar cells wherein the MA cations have been replaced. These include the inorganic cesium lead halides (CsPbX 3 ) [15, 16] and formamidinium lead halides, HCðNH 2 Þ 2 PbX 3 (FAPbX 3 ) [7] [8] [9] . Another approach has been to replace the Pb with other elements such as Ge, Si, and Sn, with mixed results [17] . All of these changes may affect the physical and electronic structures. For example, by increasing the size of the cation in the perovskite from Cs to MA to FA, the band gap has been decreased from 1.73 eV to 1.57 eV and 1.48 eV, respectively [18] .
However, even FAPbI 3 degraded rapidly at room temperature because of the humidity within the air [10] , although CsPbBr 3 was relatively stable.
A successful approach has been to mix the perovskite halides and cations in order to achieve stability at higher temperatures and tunability of the band gap [10, 11, 19] . Band-gap tunability from 1.48 eV to 2.23 eV has been achieved via the mixing of bromine and iodine halides [18] , while the mixing of Cs in both MAPbX 3 and FAPbX 3 perovskites has been shown to improve stability [10, 20] . That stability was determined by whether the perovskite was in single-crystal bulk form or thin-film nanocrystal or amorphous form. The latter is what is used in solar cells, and it provides a much more realistic interpretation of the physics within the solar cell. However, nanocrystalline thin films degrade much faster, which is why single-crystal perovskites can also be used to determine electrical and optical properties.
Although perovskite solar cells are seen as a significant improvement on conventional solar cells [11] , the origin of the density of excitons in the materials is still not well understood. The exciton, a neutral bound electron-hole pair, is a fundamental optical excitation, which is important for both fundamental science and applications such as solar cells [21] [22] [23] . Therefore, there is a crucial need to understand the origin of the exciton density and formation in this energyharvesting material. Here, we investigate the electronic and optical properties of thin-film perovskites and find the origin of high excitonic density of Pb-based perovskites. While single-crystal measurements may be useful for the determination of electrical and optical properties at room temperature, at lower temperatures, nanocrystalline effects become important. Hence, in this investigation, we intentionally use thin nanocrystalline films. This is the first temperaturedependent spectroscopic ellipsometry study on Pb-based perovskites, and from these measurements, we are able, for the first time, to determine the cause of the unusual behavior of the excitons at different temperatures.
II. RESULTS AND DISCUSSION
The complex dielectric function of multiple samples of three different perovskites was measured using spectroscopic ellipsometry at a wide range of temperatures. Spectroscopic ellipsometry is the most direct way to measure the complex dielectric function, which includes all optically allowed transitions because of the fulfilment of the f-sum rule by the measurements due to its full symmetry of polarization in a broad energy range [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . It can simultaneously measure excitons, optical gaps and transitions, and, importantly, spectral-weight transfers [26] [27] [28] . By tracking the transfer of spectral weight using spectroscopic ellipsometry, electronelectron correlations, both strong and weak, can be uncovered in a wide range of materials, including correlated electron systems [29] [30] [31] [32] [33] [34] [35] [36] . Figures 1(a) Br 0.1 is much larger than the other two perovskites, there is a clear excitonic peak in each case, which can also be seen in Fig. 1(b is at about 1.55 eV, which is higher than the 1.47-eVexciton of FAPbI 3 [7] [8] [9] 14] and is lower than the nearly 2.3-eV exciton of MAPbBr 3 and the nearly 2.45-eV exciton of CsPbBr 3 . Surprisingly, the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 exciton amplitude is larger at room temperature than at 77 K [cf. Fig. 1(b) ], implying that most excitons occur at room temperature. This is in contrast to what happens in MAPbI 3 [24, 25] , MAPbBr 3 , and CsPbBr 3 , where the number of excitons decreases with increasing temperature. Note that the effect of the mixing in FAPbX 3 perovskites has been known to drastically reduce the trap density [10] , which would in turn affect the exciton density of the material. This also suggests that the exciton density of FAPbI 3 would be even higher than that of FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 . We next focus our discussion on the unusual excitonic behavior in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 .
The complex dielectric function of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 is measured as a function of temperature from 77 K up to 300 K in order to quantitatively determine the behavior of the lattice and the excitonic effects with increasing temperature. The real and imaginary parts of the dielectric function, ε 1 and ε 2 , are shown in Figs With regards to the evolution of the dielectric function with temperature, the changes are very small, and there are no sudden shifts such as those that occur in MAPbX 3 when there is a phase change between the low-temperature orthorhombic phase and the room-temperature tetragonal phase [24] . This strongly suggests that there is no phase change in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 below room temperature that usually occurs in most lead-based perovskites [23, 25] . There also appears to be a small energy shift in the critical points with temperature, and this will be discussed later.
Using the results of the spectroscopy ellipsometry, the exciton binding energy and the temperature coefficients of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 can be extracted (see Ref. [37] for details) [25] . Note that this method of using the temperature dependence of the excitonic peak takes into account the thermal broadening of the peak, which leads to overestimates of the binding energy and avoids the use of magnetic fields such as when used in magneto-optic measurements [38] . The exciton binding energy is found to be ð5.9 AE 2.0Þ meV. This is small when compared with the estimated binding energy of ð55 AE 20Þ meV for MAPbI 3 obtained using the same method [25] . However, it compares favorably to the values of ð10 AE 3Þ meV for pure FAPbI 3 in the tetragonal phase [23] . Such a small exciton binding energy would mean that the conduction mechanism of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 is largely dominated by free carriers-conventionally, one might think that the large numbers of excitons (inferred from Fig. 1 ) could be easily dissociated by just the thermal energy (∼k B T, where k B is the Boltzmann constant and T is temperature) of a system at a temperature of about 70 K (about 6.0 meV). However, Figs. 1 and 2(b) show that the exciton density increases with increasing temperature. Using x-ray absorption spectroscopy (see Ref. [37] ), core-hole excitons are revealed, which have much higher binding energies of the order of 1 eV. Such a high binding energy of core-level excitons reveals the importance of strong electron-electron interactions, which create a high density of low-energy excitons even at room temperature. These excitons are much more localized and require far more energy to create, and they have been found dominantly at the cation of FA and Cs þ . In order to determine the origin of the high exciton densities, we need to look at how the spectral weight transfers in a broad energy range as a function of temperature.
Figure 3(a) shows the change in the integrated intensity as the temperature increases from 77 K to 300 K for a number of different spectral ranges, along with the total integrated intensity over the whole spectral range shown in the inset. Interestingly, over the entire spectral range, there is a general decrease in intensity by 6.34%. This means that there is a shift in spectral weight to energies higher than 6.5 eV, beyond our experimental data. The spectral weight transfer in such a broad energy range is a fingerprint of strong electronic correlations and is well known to occur in so-called strongly correlated electron systems [26] [27] [28] [29] [30] [31] [32] [33] . Surprisingly, the spectral range that contains the excitonic peak shows an increase in spectral weight due to the increase in intensity of the peak with temperature, as shown in Fig. 2(b) . The general spectral weight loss with the increased temperature mainly occurs from 2.50 eV to higher energies, which means that there is an injection of more than 2.50 eV of energy into the system. This cannot be attributed to the thermal fluctuations caused by the increase in temperature from 77 K to 300 K as that would only add about 18 meV of kinetic energy to the system. Therefore, the increase in energy must come from potential energy, i.e., Coulomb repulsion and electron-electron correlation. This is further highlighted by Fig. 3(b) , which shows the optical conductivity spectra of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 as the temperature is changed. The optical conductivity is directly related to the number of electrons in the system and shows a clear shift in the spectral weight of the peaks at about 2.50 eV and 3.30 eV to the low-energy excitonic peak as the temperature is increased. Therefore, the complex dielectric function directly reveals that electronic correlations play an important role in the excitonic features and optical spectra of FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 . As such, the unusual excitonic effects appear to occur with the introduction of FA in the place of MA or Cs within the perovskite; thus, this is likely the main influencing factor. This also sets FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 apart from other excitonic systems such as ZnO whose excitons are independent of electron-electron correlation.
In order to identify the critical points seen in the complex dielectric function in Fig. 2 , we use simulated energy dispersion bands from density functional theory (DFT) band-structure calculations of the material. For illustration, Fig. 4(a) shows the energy dispersion bands of MAPbI 3 taken from Ref. [39] . Mixed halide formamidinium lead perovskites have previously been shown to have a tetragonal structure when the halide ratio is in favor of Iodine, while the perovskites exhibit a cubic structure when bromine is more heavily featured [11, 18] . Therefore, this MAPbI 3 band structure is used, as it is based on a bodycentered tetragonal Brillouin zone [shown in Fig. 4(b) ], whereas previous simulations of FAPbI 3 are calculated using a simple cubic Brillouin zone [40] . This can even be used for the lower temperatures due to the lack of phase change seen in the dielectric function. Other factors that also support using this band structure are the similarities in the size of the energy band gaps of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 and MAPbI 3 .
The gamma point seen in Fig. 4(a) is measured to be about 1.55 eV, which is in the proximity of the exciton energy we have measured from spectroscopic ellipsometry. This also shows that the excitonic binding energy is weak, as revealed earlier. The first critical point shown in Fig. 4(c) , which has an energy of 2.5-2.6 eV, coincides closely with the energy gaps at both the X and Z points of the Brillouin zone. If the Γ point is where the Pb ion is located within the perovskites, then the halides (I or Br) would be located at the X and Z points. This would also fit in with the MAPbI 3 simulations in Ref. [39] , which show that the contributions to the valence band come from the Pb6s orbital and the I5p (Br4p) orbital, with the former having a more dominant role. The only contribution to the conduction band comes from the Pb6p orbital, so the two transitions would come from the Pb6s to the Pb6p at the Γ point, and I5p (Br4p) to the Pb6p at the X and Z points [39] . Although the Pb6s to Pb6p optical transition is the closest to the excitonic transition, which is consistent with the presence of excitons in most, if not all, Pb-based perovskites, it must be emphasized that the other elements, FA, Cs, I, and Br, all affect the excitonic binding energy and density because the bands of these elements are hybridized with each other and the change in spectral weight reveals that all bands as high as 6.0 eV contribute to the formation of these excitons.
The second critical point at around 3.25 eV matches up to the energy gap at the Y, Y 1 , and Σ points, which are all between 3.2 eV and 3.3 eV. It is very interesting to note that we have used the dispersion relation of MAPbI 3 to accurately map the energy transitions of the FA 0. Figure 5 shows the comparison of ε 2 of the FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 data at 77 K with calculations of (a) FAPbI 3 and (b) FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 , both with and without the Bethe-Salpeter equation (BSE). These comparisons allow us to reveal electron-hole interactions yielding excitonic effects. From our calculations, we clarify the following: First, we find that calculations based on BSE, in general, closely resemble experimental results, implying the importance of both electron-hole and electron-electron interactions on the electronic structure and optical properties of the system. Second, the low-energy optical transition at about 1.55 eV is due to strong intrinsic excitonic effects. Upon doping, the calculations show that the exciton shifts toward higher photon energy (or lower binding energy), which implies that the electron-hole interaction is partially screened, yielding a lower exciton binding energy.
Our SOC − GW þ BSE calculations show that the excitonic peaks are much larger in FAPbI 3 than they are in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 . This reinforces the previous discussion that the introduction of Cs and Br in FAPbI 3 drastically reduces the trap density and therefore the exciton density [10] . However, the most important conclusion to draw from Fig. 5 is that the inclusion of BSE, which calculates electron-electron and electron-hole correlations, shifts the spectral weight from higher energies to lower energies in both FAPbI 3 and FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 . This includes the increase of the low-energy excitonic peak, which shows that the presence of electron-electron correlations increases the excitonic density. The role of electronic correlations is further revealed as shown in the temperature-dependent optical conductivity (Fig. 3) . When the temperature increases, the spectral weight below 2.4 eV increases, accompanied by a decrease in the spectral weight above 2.4 eV. This is direct evidence of the importance of electronic correlations. Note that the thermal energy change as a function of temperature from 77 K to 300 K is only about 0.02 eV; therefore, thermal fluctuation cannot be responsible for such broad spectral weight transfers of up to 6 eV. The excitonic and optical phenomena in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 are found to be different than that of other systems. In CsPbBr 3 , the exciton and low-energy excitations have a general reduction in spectral weight with temperature, and in MAPbBr 3 , they show very little change in spectral weight [cf. Fig. 1(b) ]. Generally, an increase in temperature results in the reduction of the excitonic density due to the increase in thermal energy, which allows excitons with low binding energies of less than 50 meV to disassociate more frequently as seen in the CsPbBr 3 and MAPbBr 3 . However, it is clear that increasing the temperature in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 increases the electron-electron correlations, which results in a higher exciton density.
Decreasing the temperature in a material usually results in reduced electron screening, which in turn increases electron-electron correlations [26, 27] . However, the result of increased electron-electron interactions in FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 , and FAPbI 3 , with temperature means that the electronic screening has been reduced. As this effect appears to occur with the introduction of FA in the place of MA or Cs within the perovskite, then this is likely the influencing factor.
It is important to highlight that our spectroscopic ellipsometry data show a sharp, well-defined, low-energy exciton for FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 , and the presence of the electron-hole interaction is supported by both GW-BSE calculations and XAS. This shows that while the electronhole interaction is partially screened, surprisingly the electron-electron interaction is enhanced. The data above 3.0 eV, including the Y=Σ peak at 3.3 eV, is more closely fit without using BSE, but the more accurate energy fit of the X=Z peak at 2.6 eV using BSE shows that electron-hole interactions have a much bigger effect on this transition. The accurate BSE calculations of both the first interband transition at the Γ point and the low-energy exciton peak with experimental data show that the interplay of strong electron-electron and electron-hole interactions determines fundamental properties, yielding high-density excitons in the formamidinium lead halide perovskites.
III. CONCLUSIONS AND DEVELOPMENTS
An important fundamental property that is required for the development of perovskite optoelectronics is a high optical absorption in the visible energy range. Here, we reveal that because of strong electronic correlations, the absorption coefficient of FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 is much higher than that of MAPbBr 3 and CsPbBr 3 , particularly around the excitonic energy of about 1.55 eV as seen in Fig. 6(a) . Interestingly, the absorption coefficient of FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 is more than 10 times higher than CH 3 NH 3 PbI 3 and CsSnI, as two representatives of halide perovskites, and conventional semiconductors such as GaAs [41] . Such a very high absorption coefficient would allow one to potentially use this material as an effective absorber, even on a very thin film; this is because photons can create a lot of electron-hole pairs (or excitons) at the surface without the need for the photons to travel deeper into the material, which may then also avoid a low nonradiative recombination rate. To further support the presence of excitons in our FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 sample, room-temperature photoluminescence measurements shown in Fig. 6(b) clearly exhibit an absorption peak where the excitons occur in ε 2 . Our results show the importance of electronic correlations in determining excitonic effects, which is crucial in increasing the efficiency of perovskite photovoltaic devices through the manipulation of the excitonic density and will have a profound impact on the way light-harvesting materials are being used in optoelectronic devices. Other chemicals were purchased from Sigma-Aldrich. PCBM (60) was purchased from Nano-C. Formamidinium iodide (FAI) was synthesized according to the reported method [18] . The crude material was dissolved in ethanol and recrystallized at −3°C overnight. Perovskite precursor solution (FA 0.85 Cs 0.15 PbI 2.9 Br 0.1 ) was prepared by dissolving FAI, CsI, PbI 2 , and PbBr 2 with a respective stoichiometric ratio in dimethylformamide/dimethyl sulfoxide (4:1 v/v) at 80°C. The perovskite solution (1 M) was spin coated on z-cut quartz at 1000 rpm for 10 s and 4000 rpm for 30 s, and 250 μL chlorobenzene was dripped on the sample surface at 15 s of the second-step spin coating. Subsequently, the perovskite layer was annealed at 80°C for 5 min, 120°C for 5 min, and 180°C for 30 min. The perovskite layer was measured to be 350 nm through spectroscopic ellipsometry.
The perovskite solar cell was prepared on precleaned patterned indium tin oxide (ITO) substrate. Poly-TPD was spin coated from solution (6 mg=ml in chlorobenzene) at 4000 rpm for 40 s, followed by baking at 120°C for 20 min. Prior to the perovskite coating, the poly-TPD surface was treated in UV-ozone cleaner for 10 s. The perovskite precursor solution was spin coated onto poly-TPD at 1000 rpm for 10 s and 4000 rpm for 30 s, and 250 μL chlorobenzene was dripped on the sample surface at 15 s of the second-step spin coating. Subsequently, the perovskite layer was annealed at 80°C for 5 min, 120°C for 5 min, and 180°C for 30 min. The PCBM solution was coated from chlorobenzene solution (20 mg=mL) at 1000 rpm for 60 s. The devices were completed by evaporating BCP (6 nm) and Ag (120 nm) sequentially under high vacuum (1 × 10 −6 mbar). The active area was 7 mm 2 as defined by the overlapping between the back electrode and ITO.
Spectroscopic ellipsometry
Spectroscopic ellipsometry measurements were carried out using a variable-angle spectroscopic ellipsometer (V-VASE, J. A. Woollam Co.) with a rotating analyzer and compensator on multiple samples. The measurements were taken in the energy range of 0.6-6.0 eV, while the samples were inside an ultrahigh vacuum cryostat with a base pressure of 10 −8 mbar. The samples were cooled to 77 K using liquid nitrogen, and measurements were taken at angles of 68°, 70°, and 72°, which are limited in range by the UHV windows. The samples were then heated to temperatures of 100 K, 140 K, 150 K, 160 K, 170 K, 200 K, 250 K, and room temperature, where measurements were taken at a single angle of 70°for each temperature. The analysis of the ellipsometry data was performed using the W-VASE analysis program, where the complex dielectric function was obtained using a fitting procedure that models the data.
X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) was performed on the Surface, Interface and Nano-Structure (SINS) beam line at the Singapore Synchrotron Light Source (SSLS). The measurements were carried out ex situ in a UHV chamber with a base pressure of 10 −10 mbar at room temperature. The beam line uses a modified dragon-type monochromator with spherical gratings that directs the x rays onto the sample at an angle of 90°. The XAS spectra were measured in total electron yield mode (TEY) by recording the sample drain current. Because of the low effective escape depth of electrons from semiconductors and insulators, this mode of absorption spectroscopy is ideal for surface and interface analysis. In order to correct for intensity fluctuations from the synchrotron, the spectra were normalized to the photoelectron current on the refocusing mirror with gold coating upstream of the samples. The data for spectral ranges that covered the C1s, N1s, and Cs3d lines were recorded at a resolution of 0.2 eV.
Electronic structure calculations
All electronic structure calculations were carried out within the density functional theory (DFT) as implemented in the Vienna Ab initio Simulation Package (VASP) [42] . More details of the calculations are given in Ref. [37] . We started the calculations with the atomic position optimization on a cubic FAPbI 3 structure with fixed lattice parameters a ¼ b ¼ c ¼ 6.33 Å, consistent with the averaged lattice parameter obtained by the DFT calculations reported in previous work using the ultrasoft pseudopotentials and comparable with the experiment result for alpha-FAPbI 3 [43] . We constructed a supercell of size 2a × 2b × 2c, which amounts to eight chemical formula units of FAPbI 3 , and we used a 2 × 2 × 2 Monkhorst-Pack grid (together with a 500-eV cutoff energy for the plane-wave basis set) to perform the SR-DFT-based optimization of atomic positions for both FAPbI 3 and FA 0.875 Cs 0.125 PbI 2.875 Br 0.125 . For the optical property calculations based on the SOC-GW and SOC − GW þ BSE schemes, we limited ourselves to a 2 × 2 × 2 Γ-centered k grid (together with a 200-eV plane-wave cutoff) because of the very expensive computational requirement.
Photoluminescence spectroscopy
The photoluminescence spectrum was measured by a Cary Eclipse fluorescence spectrophotometer, inside of which is a flashlight containing a broad wavelength. The excitation beam goes through a monochromator. For this measurement, the excitation wavelength is around 550 nm, with a 5-nm slit.
